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Human genetics has identified rare copy number variations and deleterious mutations
for all neurexin genes (NRXN1-3) in patients with neurodevelopmental diseases, and
electrophysiological recordings in animal brains have shown that Nrxns are important
for synaptic transmission. While several mouse models for Nrxn1α inactivation have
previously been studied for behavioral changes, very little information is available for other
variants. Here, we validate that mice lacking Nrxn2α exhibit behavioral abnormalities,
characterized by social interaction deficits and increased anxiety-like behavior, which
partially overlap, partially differ from Nrxn1α mutant behaviors. Using patch-clamp
recordings in Nrxn2α knockout brains, we observe reduced spontaneous transmitter
release at excitatory synapses in the neocortex. We also analyse at this cellular level
a novel NRXN2 mouse model that carries a combined deletion of Nrxn2α and Nrxn2β.
Electrophysiological analysis of this Nrxn2-mutant mouse shows surprisingly similar
defects of excitatory release to Nrxn2α, indicating that the β-variant of Nrxn2 has no
strong function in basic transmission at these synapses. Inhibitory transmission as
well as synapse densities and ultrastructure remain unchanged in the neocortex of
both models. Furthermore, at Nrxn2α and Nrxn2-mutant excitatory synapses we find
an altered facilitation and N-methyl-D-aspartate receptor (NMDAR) function because
NMDAR-dependent decay time and NMDAR-mediated responses are reduced. As Nrxn
can indirectly be linked to NMDAR via neuroligin and PSD-95, the trans-synaptic nature
of this complex may help to explain occurrence of presynaptic and postsynaptic effects.
Since excitatory/inhibitory imbalances and impairment of NMDAR function are alledged
to have a role in autism and schizophrenia, our results support the idea of a related
pathomechanism in these disorders.
Keywords: vesicle release, synaptic plasticity, cognition, electron microscopy, AMPA receptor, NMDA receptor,
anxiety-like behavior, social interaction
INTRODUCTION
Synapse function and plasticity in the brain depend on the coor-
dinated action of molecular machineries across the synaptic cleft.
Presynaptic neurexins (Nrxns) form trans-synaptic complexes
with postsynaptic neuroligins and other partners that are suited to
mediate such function (Missler et al., 2012; Reissner et al., 2013).
Consistent with this role, an association has been established
between copy number variations or hemizygous exonic deletions
within the NRXN1 gene (2p16.3) and neurodevelopmental dis-
orders, including autism, schizophrenia and intellectual disability
(Feng et al., 2006; Szatmari et al., 2007; Kim et al., 2008; Kirov
et al., 2008; Yan et al., 2008; Zahir et al., 2008; Rujescu et al., 2009;
Zweier et al., 2009; Ching et al., 2010; Voineskos et al., 2011; Yue
et al., 2011; Buxbaum et al., 2012; Camacho-Garcia et al., 2012;
Liu et al., 2012; Hoeffding et al., 2014).
Vertebrates contain three NRXN genes (NRXN1-3) that
each produce longer α-Nrxn and shorter β-Nrxn extracellular
isoforms, from independent promoters (Tabuchi and Sudhof,
2002; Runkel et al., 2013). These are then alternatively spliced
at five, possibly six, conserved sites (Tabuchi and Sudhof, 2002;
Treutlein et al., 2014). α-Nrxns encode six LNS domains with
three interspersed EGF-like domains, while β-Nrxns contain a
single LNS-domain that is identical to the sixth LNS-domain
of the corresponding α-Nrxn, and mediates binding, for exam-
ple, to neuroligins (Ichtchenko et al., 1995; Boucard et al., 2005;
Reissner et al., 2008). Studies of knockout mice have revealed
essential functions for α-Nrxns and neuroligins at excitatory and
inhibitory synapses (Missler et al., 2003; Varoqueaux et al., 2006).
Multiple knockout of all three α-Nrxns is lethal at birth due to a
dramatic impairment of Ca2+-dependent vesicle release (Missler
et al., 2003; Kattenstroth et al., 2004; Zhang et al., 2005), but even
removal of a single Nrxn1α isoform reduces glutamatergic trans-
mission (Missler et al., 2003; Etherton et al., 2009). While levels
of β-Nrxns appeared unchanged in α-Nrxns KO mice (Missler
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et al., 2003), no information of deletion of β-Nrxns in mice is
available yet.
In studies on autism spectrum disorders, which are character-
ized clinically by impairments in reciprocal social interactions and
communication as well as stereotyped behaviors, rare heterozy-
gous deletions in the NRXN1 gene are considered as causative
variants (Delorme et al., 2013). Consequently, several studies have
addressed higher brain functions in NRXN1 mouse models by
behavioral profiling (Ey et al., 2011). Nrxn1α homozygote KO
mice display a decrease in social investigation and an increase
in aggressive behavior as well as reduced locomotor activity
in novel environments (Grayton et al., 2013), impairments in
prepulse inhibition of the startle response, deficits in nest build-
ing activities, and an improvement in motor learning (Etherton
et al., 2009). Furthermore, Nrxn1α heterozygote mice have been
shown to have sex-dependent increases in response to novelty and
accelerated habituation to novel environments (Laarakker et al.,
2012).
Although genetic studies also revealed disease-associated
mutations in NRXN2 (11q13) and NRXN3 (14q31) genes
(Gauthier et al., 2011; Vaags et al., 2012), only limited data are
available on changes in behavior from mouse models (Dachtler
et al., 2014). Here, we assessed behaviors in Nrxn2α KO mice
and performed electrophysiological recordings from neocorti-
cal neurons. Behavioral testing confirmed impairments of social
interaction and anxiety-like behaviors. Since deletions in humans
not only affect the 5′-exons that encode for the α-Nrxn isoform
but may extend into exons encoding β-Nrxn (Feng et al., 2006;
Ching et al., 2010) we asked whether the simultaneous deletion
of α- and β-variants of the NRXN2 gene would produce a cellu-
lar phenotype that is more severe than Nrxn2α mutations alone.
In-situ hybridization data for Nrxn2 variants have shown that
Nrxn2α expression is present in the neocortex and differentially
enhanced in layers 2, 4, and 6, whereas Nrxn2β is more evenly
expressed. Outside the cortex, Nrxn2α signals are stronger in the
septal nuclei, the reticular thalamic nucleus, and some midbrain
nuclei, and Nrxn2β in septal nuclei and cerebellum (Ullrich et al.,
1995). In our current study, comparison of the single Nrxn2α
KO (Missler et al., 2003) and a combined Nrxn2αβ KO by elec-
trophysiology demonstrates a surprisingly similar impairment of
excitatory synaptic transmission and NMDAR function. Our data
suggest that behaviors and signaling pathways relevant to human
disease ethiology are affected in these mouse models.
MATERIALS AND METHODS
ANIMAL MODELS
Nrxn2α mouse model
Nrxn2α KOmice were generated previously (Missler et al., 2003).
For the behavioral study, we subjected the line to 8 generations
of additional backcrossing to transfer the knockout allele onto
a C57BL/6J genetic background. From the offspring of the F8
pairing, heterozygous mice were crossed together to generate
the test mice, including wildtype (WT), heterozygote knockout
(HET), and homozygote knockout (KO) mice (n = 8–15 per
genotype, per sex). All mice were individually housed 1 week
prior to behavioral testing with ad libitum access to water and
food. All procedures were performed in compliance with the local
ethical review panel of King’s College, and U.K. Home Office
Animals Scientific Procedures Act 1986 (license PPL:70/7184).
Other experiments were approved by the Landesamt für Natur,
Umwelt und Verbraucherschutz NRW, Germany (license 84-
02.05.20.11.209).
Combined Nrxn2 mouse model
To delete the α- and β-variants of the Nrxn2 gene together, part
of exon 23 (Tabuchi and Sudhof, 2002) was deleted, and the
gene interrupted between splice insert #5 into the 3′UTR. Mutant
mice were originally generated in Thomas C. Südhof ’s laboratory
(Stanford University, USA), which will also provide additional
analyses at a later time point. Genotyping was performed by PCR
with oligonucleotide primer combinations: 5′-AGC CCC GAC
CCA ACC TCAGGACAGA -3′ vs. 5′-GGT AGGGACAAGAGA
CAG CAA-3′ (WT allele, 1 000 bp product), and 5′-CGC CGC
TCC CGA TTC GCA GCG CAT-3′ vs. 5′-GGT AGG GAC AAG
AGA CAG CAA-3′ (KO allele, 700 bp product).
BEHAVIORAL TESTING (Nrxn2αMICE)
WT, HET, and KOmice were 10 weeks old at testing and recorded
using a camera above test arenas. Movement of each mouse
was tracked using EthoVision software (Noldus Information
Technologies, Wageningen, Netherlands). All mice underwent
each task and were assessed in the following order: home cage,
open field, light/dark box, elevated plus maze, three-chamber
social approach task, nesting, and grooming behavior, social
investigation with a juvenile conspecific, Morris water maze,
delayed matching-to-place task in the water maze, and food bury-
ing test for olfactory ability. There was at least 1 day rest allowed
between tasks.
The behavioral battery applied was recently described in our
analysis of Nrxn1α mutants (Grayton et al., 2013). Briefly, to
probe spontaneous locomotor activity: Mice were monitored in
a homecage and locomotor activity was recorded at three 1 h
periods (namely 12pm, 1am, and 11am the following morning).
Anxiety tasks: open field, light/dark box, and elevated plus maze
were performed. For the open field task, animals were placed in
the arena for 10min and their behavior was monitored across
three areas defined by EthoVision software, namely the outer,
central, and inner zones. The light/dark box trial was 5min in
duration, and the animals were free to explore both the smaller
darkly lit chamber (20 lux) and the larger brightly illuminated
chamber (80–110 lux). Lastly, during the elevated plus maze task
mice were placed on the elevated central platform and left to
explore the open and closed arms of the maze for 5min. For all
three tasks activity was measured in the least anxiogenic part of
the arenas, namely the outer zone of the open field, the dark com-
partment of the light/dark box and the closed arms of the elevated
plus maze, For anxiety, the time spent in the most anxiogenic part
of the arenas were measured, namely the central zone of the open
field, the light compartment of the light/dark box and the open
arms of the elevated plus maze. Cognitive tasks: a range of cogni-
tive tasks were carried out, including Morris water maze (MWM)
and delayed matching-to-place (DMP). MWM was performed
with mice run in squads of 6 mice/squad. Each mouse under-
went four trials per day. Mice were tested for 10 consecutive days
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and a probe task was run on the last day to assess the retention
of spatial memory. DMP was also carried out using the MWM -
animals underwent 8 trials/day for 7 days, the platform location
was changed each day in a random manner, and the maximum
trial length was 90 s. Reduction in latencies to find the platform
between the first and subsequent trials is referred to as “saving
time” and is used as an index of working/episodic-like memory.
Social tasks: three-chamber social approach task and the social
investigation task were both performed. For the three-chamber
social approach task, the Ethovision tracking system was used
to monitor mouse movements throughout the three chambers
over three 10min trials. During trial 1, the apparatus was empty.
In trial 2, one wire cup was placed upside down in one of the
side chambers and a novel juvenile conspecific mouse was placed
under another wire cup in the other side chamber, leaving the
middle chamber empty. The location of the novel mouse across
trials was counterbalanced. In trial 3, a novel juvenile conspecific
mouse was placed under the second, empty wire cup with the now
familiar mouse remaining under the other wire cup. The three
trials run successively for each mouse, with an inter-trial delay
of 2–3min as the objects, and conspecific mice were moved. For
the social investigation task, if prolonged periods of aggression
was seen throughout the 4min trial (>45 s), trial was stopped
and the conspecific mouse was removed. Grooming behaviors:
Grooming was investigated during a 10min trial, and recorded
by an investigator blind to the genotype. Immediately before
the trial the mice were placed in a clean, standard homecage,
with no sawdust or nesting material, and allowed to habituate
for 10min under red light. Nesting behaviors: on day 1, mice
were placed in a fresh home cage with 60 g of standard food
and 90 g of sawdust. 20 g of nesting material was placed in the
food hopper on top of the cage. The amount of nesting material
left on the food hopper and pulled into the cage was measured
24 h later. In addition, the dimensions (cm) and weight (g) of
the nest were measured. Buried food task: this was performed as
described (Grayton et al., 2013), with small chocolate cookies
(Nestle Cookie Crisp®, Welwyn Garden City, U.K.) used as the
palatable food.
ELECTROPHYSIOLOGICAL RECORDINGS (Nrxn2α AND Nrxn2 MICE)
Mutant mice from both models and littermate controls were used
for whole-cell patch-clamp recordings at P14-P21 as decribed
(Born et al., 2014). Briefly, animals were anesthetized with isoflu-
rane and brains transferred into ice-cold artificial cerbro-spinal
fluid (ACSF; in mM: 118 NaCl, 3 KCl, 1 NaH2PO4, 20 glucose,
1.5 CaCl2, 1 MgCl2, 25 NaHCO3, pH 7.3, ≈305 mosmol), con-
tinuously aerated with 95% O2 and 5% CO2. Recordings were
performed on layer V pyramidal cells of the primary somatosen-
sory cortex in acute frontal slices (400μm). Pipettes made of
borosilicate glass tubes were filled with internal solution (in mM:
140 Kaliumgluconate, 1 CaCl2, 10 HEPES, 2 MgCl2, 4 Na-ATP,
0.5 Na-GTP, 10 EGTA, pH 7.3, 300 mosmol), supplemented with
5mM lidocain (QX-314) to prevent generation of sodium spikes.
Passive membrane properties were documented, and cells with
membrane resistances between 80 and 800 M, resting poten-
tials between −55 and −80mV, and a capacity of 25–150 pF were
selected for further analysis. Excitatory miniature postsynaptic
currents (mEPSCs) were measured under 1μM TTX (Tocris)
and 10μM bicuculline (Sigma Aldrich) at −80mV, and mIPSCs
under TTX and additional application of the AMPA- and Kainate
receptor antagonist CNQX (20μM, Sigma Aldrich) and the selec-
tive NMDA receptor antagonist APV (25μM, Sigma Aldrich)
at −30mV. Signals that were at least three times larger than
background noise were selected for statistical analysis.
Electrically evoked EPSCs (eEPSCs) were recorded at −80mV
near the calculated reversal potential of chloride (−65mV), with
no additional pharmacology. Evoked IPSCs were recorded in
presence of 25μM APV and 20μM CNQX at holding poten-
tials of −30mV. Single pulses (duration: 90μs) were induced
with a concentric bipolar stimulation electrode (SNEX-100X)
that was placed approximately 100μm laterally to the record-
ing position at increasing stimulation strengths. For paired-pulse
experiments at half maximum strength (values within the range
of 80–100μA), stimuli were applied 10× at intervals of 20 s to
avoid summation. The paired-pulse ratio (PPR) is defined by the
ratio of the second current (amplitude) to the first one. Inter-
stimulus intervals varied from 20 to 200ms (20, 30, 50, 75, 100,
125, 150, 175, 200ms respectively). In addition, stimulus trains
with ten pulses of 20Hz were used to induce short-term plastic-
ity. Each train was recorded five times with an interval of 20 s.
In some of the evoked EPSC experiments, the NMDA receptor
blocker APV was applied to the bath medium (25μM), or MK-
801 (1mM) was added to the internal pipette solution. Analysis
of the 20Hz stimulus train was defined by the ratios of the sec-
ond to the first, the fifth to the first, and the tenth to the first
amplitude for each experiment. To determine the NMDA/AMPA
ratio (Myme et al., 2003), mixed NMDA/AMPA EPSCs were
evoked using single electrical stimulation, and recordings were
performed 10 times with an inter-stimulus interval of 15 s. EPSCs
were recorded from −80mV in intermediate steps of 20mV
to +40mV. To estimate the AMPA receptor-mediated current
at +40mV the time-point of the peak at −80mV was deter-
mined (10ms). The NMDAR-mediated component of the EPSC
was choosen 40ms after the stimulus, and NMDA/AMPA ratio
was determined. All signals were digitizied and amplified using an
EPC-10 USB amplifier (HEKA Elektronik, Germany). Currents
were filtered by a bessel filter at a frequency of 2.9 kHz and
digitized at a sampling rate of 20 kHz. Data acquisition and
analysis were performed using commercially available software
from HEKA (PatchMaster V2X42 and FitMaster V2X32, HEKA
Elektronik, Germany), MiniAnalysis (Synaptosoft, Decatur, GA)
and Microsoft Excel.
ELECTRON MICROSCOPY (Nrxn2α AND Nrxn2 MICE)
Anesthetized mice were transcardially perfused with 70ml
of 2% glutaraldehyde (Serva, Heidelberg, Germany) and 2%
paraformaldehyde (Merck, Darmstadt, Germany) in 0.1M PB at
37◦C, and postfixed at 4◦C overnight. Blocks of cortical tissue
were contrasted in 1% OsO4 for 2 h at RT. Following washes
with dH2O and dehydrating, tissue was incubated with propy-
lene oxide (Electron Microscopy Science, EMS, Hatfield, USA)
for 45min, infiltrated with propylene oxide/epon (1:1) for 1 h, in
pure epon resin (EMS) overnight, and hardened at 60◦C for 24 h.
Contrasting of thin sections was done on Formvar-coated copper
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grids with a saturated solution of 12% uranyl acetate and lead
citrate. Samples were investigated with a transmission electron
microscope (Libra 120, Zeiss) at 80 kV, and images taken with
a 2048 × 2048 CCD camera (Tröndle, Moorenweis, Germany).
Two image series from the somatosensory cortex of each ani-
mal were examined at 8000X primary magnification. Each series
included all cortical layers, and represented an area of about
1500μm2. Asymmetric type 1 synapses were defined as contacts
with a visible synaptic cleft, a distinct postsynaptic density (PSD)
and at least three synaptic vesicles, whereas symmetric (type 2)
contacts showed an apparent PSD and contained pleiomorphic
vesicles (Gray, 1959), and both populations were quantified as
area densities. In addition, randomly chosen asymmetric synapses
were analyzed at a higher zoom level to quantify the presynaptic
terminal area, density of synaptic vesicles per terminal area, width
of synaptic cleft, and length of active zone.
RNAWORK
Total RNA from mouse whole brains (brain stem cut away) at
different developmental stages (P1, P4, P7, P10, P14, P20 and
P50–60) was isolated immediately after dissection with RNAzolB
(WAK Chemie, Germany). Northern blotting experiments were
performed with total RNA on formaldehyde gels as described
(Beglopoulos et al., 2005), using two different 32P-radiolabeled
probes: 5′-probe, 900 bp-long NcoI/BamHI fragment (bp 70–
970) cut from cDNA plasmid p520-1a; 3′-probe, 530 bp-long
SfiI/KpnI fragment (bp 4220–4900) cut from plasmid pCMV-L1.
All blots were re-hybridized with a β−actin probe to control for
RNA loading.
For PCR, RNA was reverse-transcribed with GeneAmp
Gold RNA PCR Core Kit using Oligo dT primer. Real-
time PCR was performed with isoform-specific primers
and SYBR Green PCR Master Mix in an ABI Prism 7000
Sequence Detection System, using oligonucleotide primers:
for Nrxn2α, 5′-CTACCTTCTGCTG GACATGGGCTCC-3′
(in exon 8) vs. 5′-GCGTGCTGCGGCTGTTCACA-3′
(in exon 9), generating a 140 bp product; for Nrxn2β,
5′-GTCTCGTCCAGCCTCAGCACCACC-3′ (located in β-
specific exon) vs. 5′-CGTGTACTGGGCCGGTCATTGGGA-3′
(in exon 18), generating a 188 bp product. All reactions were
performed in duplicates with β-actin as reference. Signals were
analyzed by ABI Prism Sequence Detection Software (Applied
Biosystems), and the Ct method was used for relative
quantification of Nrxn2 transcripts. Standard curves were gen-
erated with serial five-fold dilutions of cDNA in triplicates, and
efficiency of amplification was calculated from the slope of the
standard curve as E = 10−1/k, where E is amplification efficiency
and k is the slope. The efficiency was between 79 and 100%
and was taken into consideration when calculating the relative
expression levels. DNA melting curves were generated after each
experiment to confirm the specificity of amplification.
STATISTICAL ANALYSIS
Data presented are means ± SEM. Statistical significance was
tested with a two-tailed unpaired Student’s t-test using Prism
4.0 a software (GraphPad Software, San Diego, USA), assum-
ing Gaussian distribution. Results were denoted statistically
significant when P-values were <0.05 (significance levels as indi-
cated in Figure legends; number (n) of samples/repeats are given
in the Results and Figure legends.
Behavioral data were analyzed with Statistica software (Version
5.5, StatSoft, Inc., Tulsa, OK), using either a Student’s t-test,
a Two-Way ANOVA or a Two-way repeated measures ANOVA,
as appropriate. The between-factors were always sex and geno-
type, and within-factors were either time (home cage), cham-
ber (automated three-chamber social approach task) or ses-
sions (MWM, DMP). Tukey HSD post-hoc pairwise comparisons
were performed on significant results. An analysis of covariance
(ANCOVA) was used to look at the relationship between activity
and anxiety measures.
RESULTS
BEHAVIORAL TESTING OF Nrxn2α KO MICE
Increased anxiety-like behaviors
To ensure comparability with the analysis of Nrxn1α KOs
(Grayton et al., 2013), we first studied anxiety-like behaviors
(Figure 1) and locomotor activity (Figure 2) in Nrxn2α KO mice
backcrossed to a single C57BL/6J background. Spontaneous loco-
motion was assessed in the homecage at three time points across
a 24 h time period. During transfer hour, all mice significantly
reduced locomotor activity, suggesting that they had become
habituated [sessions factor—F(5, 230) = 72.85, p < 0.001]. There
were no differences in distance traveled between genotype groups
in the transfer or light hours. Across the dark hour, there was
a significant genotype effect [genotype factor—F(2, 41) = 7.14,
p = 0.002] due to reduced activity by female KOmice. As Nrxn1α
mutants displayed reduced locomotor activity in novel environ-
ments (Grayton et al., 2013), the activity of Nrxn2α KO was also
measured in 3 novel arenas, namely the open field, light/dark box
and elevated plus maze. Activity was measured in the least anxio-
genic areas (outer area of the open field, dark area of light/dark
box and closed arms of elevated plus maze), as here the activ-
ity measure is less confounded by anxiety, providing a cleaner
measure of locomotor activity (Fernandes and File, 1996). A sig-
nificant reduction in locomotor activity was seen in the open
field as KO mice traveled less in the outer area [Figure 2A; geno-
type factor: F(2, 64) = 6.15, p = 0.004]. No activity differences
were seen in either the distance traveled in the dark compart-
ment of the light/dark box or in closed arms of the elevated
plus maze (Figures 2B,C). Nrxn2α KO mice also exhibited a
reduction in speed in the outer area of the open field [genotype
factor: F(2, 64) = 8.83, p < 0.001] and the closed arms of themaze
[genotype factor: F(2, 64) = 4.33, p = 0.017].
In addition to locomotor activity, anxiety can be measured
in these tasks, using time spent in the central zone of the
open field, light compartment of the light/dark box and open
arms of the elevated plus maze. Nrxn2α KO mice spent a
shorter amount of time in anxiogenic light of the light/dark
box [Figure 1A; genotype factor—F(2, 64) = 3.18, p = 0.048; sex
factor—F(1, 64) = 1.4, p = 0.2], and this effect was not being
driven by either sex (Tukey HSD; p > 0.05). Nrxn2α KO mice
also spent a shorter amount of time on the open arms of the
elevated plusmaze [Figure 1B; genotype factor—F(2, 64) = 12.21,
p < 0.001; sex factor—F(1, 64) = 1.7, p = 0.2], where significant
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FIGURE 1 | Increased anxiety-like and repetitive behaviors in
Nrxn2α-deficient mice. Anxiety behavior of Nrxn2α KO was assessed in
the light/dark box and the elevated plus maze. (A) Time (s) spent in the light
compartment of the light/dark box male (left pair of bars) and female mice
(right pair of bars), respectively. (B) Time (s) spent in the open arms of the
elevated plus maze by male (left pair of bars) and female (right pair of bars)
mice, respectively. (C) Time (s) spent in grooming was quantitated to
analyze repetitive behaviors of male (left pair of bars) and female mice (right
pair of bars). Data shown are mean (± SEM) and derived from 17 WT
(white bars, 9♂, 8♀), 28 HET (light blue bars, 13♂, 15♀), and 25 Nrxn2α KO
mice (blue squares, 13♂, 12♀); level of significance indicated by ∗p < 0.05
and ∗∗p < 0.01, compared to WT and #p < 0.05, compared to HET.
FIGURE 2 | Locomotor activity measures of Nrxn2α-deficient mice.
Locomotor activity was measured in the open field, light/dark box and
elevated plus maze. (A) Distance (cm) traveled in the outer zone of the
open field (left pair of bars) and female mice (right pair of bars),
respectively. (B) Distance (cm) traveled in the dark compartment of the
light/dark box (left pair of bars) and female mice (right pair of bars),
respectively. (C) Distance (cm) traveled in the closed arms of the elevated
plus maze (left pair of bars) and female mice (right pair of bars),
respectively. Data shown are mean (± SEM) and derived from 17 WT
(white bars, 9♂, 8♀), 28 HET (light blue bars, 13♂, 15♀), and 25 Nrxn2α KO
mice (blue squares, 13♂, 12♀).
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reductions were seen in both themale and female KOmice (Tukey
HSD; p < 0.05). For the elevated plus maze, there also a signifi-
cant genotype effect of time spent on the central platform, as the
KO mice spent a significant shorter amount of time here [geno-
type factor—F(2, 64) = 4.51, p = 0.01]. There was no effect of
genotype on the time spent in the center area of the open field.
ANCOVA was performed for activity and anxiety measures to
assess whether activity differences were influencing anxiety. For
the light/dark box, the ANCOVA revealed a significant interac-
tion effect [F(1, 63) = 20.7, p < 0.001], a result which just lost
significance when co-varying out locomotor activity [F(2, 63) =
2.74, p = 0.07]. For elevated plus maze, it produced a significant
interaction effect [F(1, 63) = 5.19, p = 0.026] that remained sig-
nificant when co-varying out locomotor activity [F(2, 63) = 12.11,
p < 0.001]. These ANCOVA results suggest that an increase in
anxiety is likely the main behavior driving the Nrxn2α KO phe-
notype assessed.
Altered communication and social behaviors
As repetitive/stereotyped behaviors are a core feature of autism,
grooming behaviors were also measured in Nrxn2α mice. Female
but not male KOmice spent a longer time grooming compared to
heterozygote mice [Figure 1C; genotype effect—F(2, 64) = 3.27,
p = 0.04; Tukey HSD; p = 0.03 for female KO compared to
female HET mice]. There were no differences in frequency of
grooming bouts between the genotype groups but a significant
sex effect for the time spent rearing, as females tended to rear less
than males [sex effect—F(1, 64) = 7.24, p = 0.008].
Social approach behaviors were investigated using the three-
chamber social approach task with three trials that access pref-
erence for social cue vs. novel object and preference for social
novelty. During trial 1, there was a significant genotype and sex
effect for distance traveled in the whole arena [genotype factor—
F(2, 64) = 3.74, p = 0.03; sex factor—F(1, 64) = 7.01, p = 0.01],
driven by a significant reduction in locomotor activity in male KO
mice. This effect, however, was not seen in either trial 2 [genotype
factor—F(2, 63) = 0.23, p = 0.8] or trial 3 [genotype factor—
F(2, 63) = 2.32, p = 0.11]. There was also a reduction in speed
in the whole arena of male and female KO [genotype factor—
F(2, 64) = 3.53, p = 0.04]. In trial 2, preference for a social cue
was indicated by a test mouse spending more time in the chamber
containing a novel juvenile conspecific mouse vs. a novel object
(Figure 3A). Preference for social cue (sociability) was seen in
all male mice and female WT and HET mice [chamber factor—
F(1, 63) = 69.5, p < 0.001]. There were significant chamber x
genotype [F(2, 63) = 3.68, p = 0.03], and chamber x sex effects
[F(1, 63) = 10.89, p = 0.001], as female KO did not show a pref-
erence for social cue. Female Nrxn2α KO also spent less time with
the novel conspecific mouse [t(18) = 2.71, p = 0.01, d = 1.28].
The last trial assessed preference for social novelty. Male mice
spent significantly longer with the novel conspecific mouse, com-
pared to the familiar conspecific, suggesting preference for social
novelty [chamber factor—F(1, 63) = 9.36, p = 0.003]. There was
also a significant sex effect [F(1, 63) = 13.7, p < 0.001], as none
of the female mice showed this preference and all spent roughly
equal times with both conspecific mice. In contrast, no effect of
genotype on preference for social novelty was observed.
To further investigate the social behaviors of Nrxn2α mice,
investigation of an unfamiliar juvenile same-sex conspecific
mouse was measured (Figure 3B). Female KO mice spent less
time engaging in social sniffing compared to WT and HET mice
[F(2, 64) = 5.94, p = 0.004]. There were no significant effects of
genotype on the time spent in anogenital sniffing or aggres-
sion, however, there was a significant sex effect for aggression
[F(1, 64) = 10.91, p = 0.001] as no female mice displayed aggres-
sive behavior toward conspecific mice. Since impaired olfaction
would compromise a wide range of behaviors, including social
interactions, olfaction was assessed in a simple food burying
task. There was no significant effect of genotype on the time
taken to find the food [genotype factor: F(2, 64) = 0.12, p = 0.87].
Additionally, we probed nest building behavior. Nrxn2α KOmice
had significantly more bedding left in the food hopper at the end
of the trial [genotype factor—F(2, 64) = 25.6, p = 0.000001], and
their nests weighed less [genotype factor—F(2, 64) = 15.3, p <
0.001] and had reduced height [genotype factor—F(2, 64) = 21.9,
p < 0.001]. There were also sex effects for all measures [bedding
in hopper—F(1, 64) = 23.9, p < 0.001; nest weight—F(1, 64) =
32.8, p < 0.001; nest height—F(2, 64) = 10.6, p = 0.002] as in
general, female mice tended to make smaller, less dense nests
compared to males.
To finally test if deletion of Nrxn2α had a general effect
on cognition, the Morris water maze was used to assess spa-
tial memory (Figures 3C–F). All mice showed a significant
reduction in latency [session factor—F(7, 448) = 31.1, p < 0.001]
and path length [session factor—F(7, 448) = 14.1, p < 0.001]
to the platform, indicating that spatial learning had occurred
across the genotypes, with no significant sex effects [latency—
F(7, 448) = 1.85, p > 0.05; path length—F(7, 448) = 1.84, p >
0.05]. Although there was a significant sex x genotype effect
[F(2, 64) = 6.41, p = 0.003] on swim speed, this was due to a
trend for a decrease [F(2, 32) = 3.98, p = 0.06] in male KO but
an increase [F(2, 32) = 0.39, p = 0.67] in female KOmice. During
the probe task of the Morris water maze, all mice spent signifi-
cantly more than 25% of the time in the target quadrant, further
demonstrating that all mice had learnt the location of the plat-
form and that there were no impairments in spatial memory in
the Nrxn2α KO mice. In addition, working/episodic-like mem-
ory was measured in the DMP task in the Morris water maze
(Figures 3E,F). All mice displayed a significant “saving time” in
their latency to reach the platform over the first four sessions
[session factor—F(3, 192) = 4.45, p = 0.004]. There was also a
significant reduction in path length across each session [session
factor—F(3, 192) = 8.81, p < 0.001] but there were no effects of
genotype on the DMP task.
COMBINED DELETION OF Nrxn2α AND Nrxn2β
Nrxn transcripts are already present before birth (Puschel and
Betz, 1995; Ullrich et al., 1995). To test if Nrxn2α and Nrxn2β
are likely to contribute to neurodevelopmental disorders, we
investigated their postnatal expression. Since no isoform-specific
antibodies are available, we analyzed RNA levels extracted from
whole brains by reverse-transcriptase real-time PCR (Figure 4A).
Nrxn2α and Nrxn2β were both detectable at postnatal day 1
(P1), although expression levels were low. They rose prominently
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FIGURE 3 | Deletion of Nrxn2α in mice impaires social interaction
behaviors. Behavioral analysis of Nrxn2α KO mice in the three-chamber
social approach task (A), social investigation task (B), Morris water maze
(C,D) and delayed matching-to-place task (E,F). (A) Time (s) spent in the
chambers containing the novel object or the conspecific mouse, and the
center chamber during trial 2 of the three-chamber social approach task. (B)
Time (s) spent socially investigating the conspecific during the social
investigation task. (C, D) Path length (cm) taken to reach the platform across
the visible (V) and hidden (H1 to H9) sessions in the Morris water maze, for
male and female mice respectively. (E, F) Path length (cm) taken to reach the
platform for each trial (T1–T8) averaged across each of the seven sessions,
during the delayed matching-to-place task, for male and female mice
respectively. Data shown are mean (± SEM) and derived from 17 WT (white
bars, 9♂, 8♀), 28 HET (light blue bars, 13♂, 15♀), and 25 Nrxn2α KO mice
(blue squares, 13♂, 12♀); level of significance indicated by ∗p < 0.05,
compared to WT and ##p < 0.01, compared to HET.
between P4-7, and increased until P14, coinciding with exten-
sive synaptogenesis. While expression of Nrxn2β continued to
rise until adulthood, Nrxn2α showed a decrease after P20 in mice
(Figure 4A), reaching a similar difference as suggested by in-situ
hybridization for rat neocortex (Ullrich et al., 1995). We chose
the neocortex for our experiments because overall expression of
Nrxn2 transcripts in this region is among the highest in brain,
though 20–40% lower than Nrxn1 and Nrxn3 mRNAs (Aoto
et al., 2013). Electrophysiological recordings were performed on
animals between age P14-21 because in this period expression lev-
els of α- and β-Nrxn2 are relatively high and cortical synapses
mature.
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FIGURE 4 | Genetic targeting of NRXN2 in mice alters excitatory
neurotransmitter release. (A) Expression of Nrxn2α and Nrxn2β mRNA
during development was quantified by RT−PCR following postnatal day (P)
1, and normalized to β−actin levels. (B) Northern blots of total RNA from
WT and Nrxn2 mutant (KO) mice hybridized with two riboprobes, using
fragments from the 3′UTR that recognize Nrxn2α and Nrxn2β, and from the
5′UTR region that recognize only Nrxn2α. Re−hybridization against β−actin
mRNA was used as loading control. (C) Representative current traces of
miniature excitatory postsynaptic currents (mEPSC) recorded from layer V
pyramidal cells in the primary somatosensory cortex of WT (upper trace),
Nrxn2α KO (middle trace), and Nrxn2 KO mice (lower trace). (D–F) mEPSC
frequencies (D) show a reduction for both variants of mutant mice but their
amplitudes (E) and time constants such as decay times (F) did not differ.
(G–H) Electron microscopic images of asymmetric, putative excitatory
synapses of WT (G, upper panel), and Nrxn2 KO (G, lower panel) synapses
from layer V of the somatosensory cortex, scale bar = 200 nm. Area
densities of excitatory synapses (F, Gray type I) were averaged from all
cortical layers of WT, Nrxn2α KO, and Nrxn2 KO mice. Data shown are
means ± SEM (except in A, where they are SD). Numbers in bar graphs
represent amount of recorded cells (D–F) or mice (H) per genotype.
Statistical significances are indicated above the bars (∗p < 0.05,
∗∗∗p < 0.005, n.s. = not significant).
Knockout mice of the complete NRXN2 gene were generated
by targeting exon 23, which is shared by Nrxn2α and Nrxn2β
(Tabuchi and Sudhof, 2002), and not spliced in 99.9% of full-
length transcripts sequenced (Treutlein et al., 2014). Northern
blots demonstrated that mRNA for Nrxn2β was undetectable in
four independently processed KO brains, whereas for Nrxn2α
a faint band shifted to lower molecular weight was visible
(Figure 4B), presumably representing a small amount of trun-
cated mRNA.Mice homozygous for the combined NRXN2muta-
tion (denoted asNrxn2 KO) were derived inMendelian ratio from
heterozygous breedings, and WT littermates served as controls.
Although Nrxn2 KO survived normally into adulthood, they had
an about 25% lower body weight (WT 7.7 g± 0.2, KO 5.8 g± 0.2,
p < 0.0001; 69 male/female WT and 51 KO at P16-21). Based on
their expression profile, we compared P14-21-old mice of both
models (Nrxn2α and Nrxn2) to controls in electrophysiological
experiments.
IMPAIRED GLUTAMATERGIC RELEASE IN Nrxn2α AND Nrxn2
MUTANTS
Since mice lacking multiple α-Nrxn variants suffered from ubiq-
uitously reduced vesicle release (Geppert et al., 1998; Missler
et al., 2003; Kattenstroth et al., 2004; Zhang et al., 2005, 2010;
Dudanova et al., 2006; Sons et al., 2006; Etherton et al., 2009), we
performed whole-cell patch-clamp recordings from layer V pyra-
midal neurons of somatosensory cortex for our comparison of
Nrxn2α and Nrxn2 mutants. In the neocortex, passive proper-
ties of layer V pyramidal cells such as input membrane resistance,
resting potential and capacity were unchanged in Nrxn2 KO
compared to control neurons (Table 1).
To screen for defects in spontaneous transmission, we recorded
excitatory miniature postsynaptic currents (mEPSCs) in presence
of 1μM TTX to abolish action potential driven network activ-
ity and 10μM bicuculline to pharmacologically isolate excitatory
(glutamatergic) events (Figure 4C). We observed that mEPSCs
frequency is reduced to 65% of controls in young-adult Nrxn2α
KO (WT: 3.42 ± 0.23Hz, Nrxn2α KO: 2.43 ± 0.15Hz, p <
0.001), similar to our analysis of brainstem synapses in new-
born mutants (Missler et al., 2003), and to almost 50% in Nrxn2
KO mice (WT: 3.42 ± 0.23Hz, Nrxn2 KO: 1.89 ± 0.21Hz, p <
0.0001) (Figure 4D). The small difference between Nrxn2α and
Nrxn2 KO neurons (Figure 4D) suggests that the combined loss
of Nrxn2α and Nrxn2β only marginally aggravates the release
phenotype.We also analyzed amplitudes and decay times of mEP-
SCs but found no significant changes (Figures 4E,F), indicating
that transmitter quanta and receptors properties are not grossly
altered in spontaneous transmission.
NORMAL EXCITATORY SYNAPSE FORMATION IN ABSENCE OF Nrxn2
Nrxn and their binding partners were shown to induce synap-
tic contacts when overexpressed in cultures, experiments that
proved particularly effective with β-Nrxn variants (Scheiffele
et al., 2000; Graf et al., 2004; Nam and Chen, 2005; Ko et al.,
2009). Conversely, knockdownwith siRNA demonstrated synapse
reduction in vitro (Chih et al., 2006; De Wit et al., 2009; Ko
et al., 2011; Shipman et al., 2011). Thus, to evaluate if the
reduced mEPSC frequency was due to altered synapse density
in brain tissue, we performed quantitative electron microscopy
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Table 1 | Neuronal properties and synaptic ultrastructure.
WT Nrxn2 KO P
CELL PROPERTIES
Resting potential (mV) −72.2±0.6 −73.4±0.8 0.256
Input resistance (M) 100.4±3.6 91.3±4.1 0.099
Capacity (pF) 95.7±5.2 110.8±7.1 0.104
ULTRASTRUCTURAL PARAMETERS
Length of synaptic zone (nm) 263.7±16.8 276.9±15.1 0.565
Width of synaptic cleft (nm) 13.2±0.3 13.6±0.3 0.623
Density of synaptic vesicles (N/μm2) 170.2±13.1 197.6±12.1 0.129
Area of synaptic terminals (μm2) 0.13±0.0 0.15±0.0 0.343
Passive cell properties were analyzed at the beginning of each recording and quantitated for n = 40 cells in 10 animals from each genotype. Quantitative electron
microscopy was performed on randomly chosen excitatory synapses for analysis of ultrastructural parameters, and quantitated for n = 35 terminals/ 3 WT animals,
and n = 36 terminals/ 3 KO mice.
(Figures 4G,H). In the somatosensory cortex, the number of
asymmetric, presumably excitatory synapses (Figure 4G) was
determined as an area density over all cortical layers but did not
differ significantly between WT and both mutants (Figure 4H),
confirming earlier data from the visual cortex of α-Nrxn dou-
ble KOs (Dudanova et al., 2007). To exclude more subtle effects
on ultrastructure of excitatory contacts, we also measured the
area density of synaptic vesicles, length of synaptic zones, width
of synaptic clefts and the area of synaptic terminals. No dif-
ferences were found in mice lacking Nrxn2 compared to WT
littermates (Table 1), indicating that even the combined deletion
of Nrxn2α and Nrxn2β did not impair important morpho-
logical properties. These data suggest that differences observed
in spontaneous excitatory transmission (Figure 4D) were not
caused by structural defects, consistent with earlier conclusions
(Missler et al., 2003; Varoqueaux et al., 2006; Dudanova et al.,
2007).
INVESTIGATION OF SHORT-TERM PLASTICITY
Since reduced mEPSC frequencies might be caused by presy-
naptic mechanisms (Engelman and MacDermott, 2004), we also
explored paradigms of short-term plasticity (Zucker and Regehr,
2002; Abbott and Regehr, 2004; Blitz et al., 2004). We applied
paired-pulse stimuli to evoke plasticity at excitatory synapses,
and calculated paired-pulse ratios (ppr). The stimuli reliably
induced robust paired-pulse facilitation (PPF) in WT neurons as
expected (Debanne et al., 1996; Frick et al., 2007; Feldmeyer and
Radnikow, 2009), and depended in size on the 20–200ms inter-
stimulus intervals (Figures 5A,B). PPF was significantly reduced
at most intervals in Nrxn2α–deficient neurons (Figure 5A), and
almost abolished in Nrxn2 KO (Figure 5B), suggesting that addi-
tional removal of Nrxn2β again only modestly aggravates the
phenotype.
To test short-term plasticity with another protocol, we applied
20Hz stimulus trains (Myme et al., 2003; Li et al., 2005).
Stimulation with 10 pulses at an inter-stimulus interval of 50ms
(repeated 5x with 20 s delay) induced robust facilitation at WT
excitatory synapses over the whole train, but not at Nrxn2α
and Nrxn2 KO terminals (Figure 5C). In WT neurons, the ratio
of the A2/A1 stimuli was comparable to ratios of A5/A1 or
A10/A1 (Figure 5D). Cells from both mutant strains, in con-
trast, showed almost no facilitation or even mild depression
during stimulus trains (Figure 5D), consistent with the paired-
pulse protocol (Figures 5A,B). These results may indicate that
Nrxn2 is involved in normal expression of short-term plasticity
at excitatory cortical synapses, or that additional defects exist that
lead to such a reduction of facilitation. The observed reduction
of PPF in both KO mouse lines, however, was not due to the
summation of increased NMDAR-mediated EPSC tails (compare
Altered NMDAR Function) over successive stimulations (data not
shown).
ALTERED NMDAR FUNCTION
Short-term plasticity is frequently regarded as a presynaptic event
based on residual Ca2+ (Zucker and Regehr, 2002; Abbott and
Regehr, 2004) but additional components, in particular NMDAR,
may also play a role (Carroll and Zukin, 2002; Malinow and
Malenka, 2002; Lau and Zukin, 2007; Chamberlain et al., 2008).
To test this possibility, we repeated the paired-pulse experiments
in presence of the NMDAR antagonist APV. Facilitation was
induced at cortical excitatory neurons from WT, however, PPF
was abolished when we washed-in APV. Quantification of ppr
at increasing inter-stimulus intervals showed that APV reduced
WT values to the level of Nrxn2 KO, whereas application of the
blocker during paired-pulse stimuli in KO did not change their
responses (e.g., ppr at 100ms interval, WT 1.30 ± 0.05, n = 25
cells, WT+APV, 1.06 ± 0.02, n = 14 cells, p = 0.0003; Nrxn2 KO
1.06 ± 0.02, n = 11 cells, Nrxn2 KO+APV, 1.05 ± 0.02, n = 14,
p = 0.71).
To directly explore if NMDAR function was affected in Nrxn2α
and Nrxn2 KO, we assessed the NMDAR-mediated component
of evoked excitatory transmission (Figures 5E–H). Since gluta-
matergic transmission is mediated by both non-NMDA (AMPA
and kainate receptors) and NMDA receptors, evoked EPSCs
consist of their combined activation (Monaghan et al., 1989;
Rivadulla et al., 2001). Using single electrical stimulations at half
maximum strength (80–100μA), we analyzed peak amplitudes
and decay time constants of evoked EPSCs (Figures 5E,F). EPSCs
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FIGURE 5 | Altered short-term plasticity and NMDAR function in Nrxn2
mouse models. (A,B) Paired−pulse ratio (ppr) analysis of excitatory
synapses comparing facilitation at different inter−stimulus intervals in WT to
Nrxn2α (A) and to Nrxn2 (B) KO neurons. Inset in (A) represents averaged
current samples from five individual traces, and numbers of recorded cells
were n = 30 (WT), n = 34 (Nrxn2α KO), and n = 21 (Nrxn2 KO), from at least
five mice per condition. (C) Averaged current traces of 20Hz stimulus trains
(10 pulses) recorded from cortical neurons of WT and both Nrxn2 mutant
mouse models. (D) Analysis of second to first (A2/A1), fifth to first (A5/A1)
and tenth to first (A10/1) stimuli ratios. Only WT neurons responded with
robust facilitation. (E) Averaged current traces of evoked excitatory
postsynaptic currents (eEPSCs) in WT (black trace, control; gray, with
postsynaptically applied NMDAR blocker MK-801), and Nrxn2 KO mice (red,
control; orange, with MK-801). (F) Monoexponential analysis of the
deactivation kinetics (decay time) at half maximum stimulation strengths
reveals reduction for both mutants. Pharmacological blockade of NMDAR
with extracellularly applied APV and intracellular MK-801 mimicked this
reduction in WT neurons (gray shaded bars) but had no further effect in KO
(orange shaded bars). (G) Averaged current traces for analysis of
(Continued)
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FIGURE 5 | Continued
NMDA/AMPA ratios recorded from WT, Nrxn2α KO, and Nrxn2 KO neurons.
Responses of two components of ESPCs, mostly AMPAR-mediated (thin
gray bar, 10ms after stimulus onset) and mostly NMDAR-mediated (thick gray
bar, after 40ms) were isolated. (H) Quantitative ratios show a reduced
NMDAR-mediated component in KO. Numbers in bar graphs (D,F,H)
represent recorded cells per genotype, derived from at least five animals per
condition. Data shown are means ± SEM. Statistical significances are
indicated above the bars (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005, n.s. = not
significant).
amplitudes were moderately reduced in Nrxn2 KO neurons
(WT: −875.20 ± 69.33 pA, n = 25 cells; KO: −543.60 ± 71.49
pA, n = 19 cells, p = 0.002), consistent with earlier observations
at brainstem synapses in Nrxn2α KO (Missler et al., 2003; Zhang
et al., 2005). More interestingly, however, the deactivation kinet-
ics of eEPSCs, a critical parameter in the control of synaptic
integration (Paoletti et al., 2013), were changed in KO neurons
toward faster decay (Figure 5E). Importantly, the effect of the
Nrxn2α and Nrxn2 mutations on decay time could be mimicked
by washing-in the NMDAR antagonist APV during recordings
from WT neurons, or by adding MK-801 into the pipette solu-
tion (Figure 5E), an NMDAR blocker suitable for intracellular
application. Application of APV or MK-801 to KO neurons
(Figure 5E), in contrast, did not further change responses. Bath
application of APV and intracellular addition of MK-801 had a
similar effect on decay times of eEPSCs recorded from WT cells
but failed to alter the reduced decay times of Nrxn2α and Nrxn2
KO (Figure 5F). These results suggest that mostly postsynaptic
NMDAR populations may be involved in the deactivation kinetics
phenotype.
To validate the effect on NMDAR, we determined the ratio
of NMDAR and AMPAR-mediated postsynaptic currents (Myme
et al., 2003; Jung et al., 2010). NMDA/AMPA ratios were cal-
culated by applying single electrical stimuli first at −80mV to
define the AMPAR-mediated peak which occurred at 10ms after
stimulation artifact (left gray bar, Figure 5G). Cells were then
depolarized stepwise up to +40mV and the NMDAR-mediated
component calculated 40ms after the stimulus (right gray bar,
Figure 5G) (Myme et al., 2003). These recordings were performed
in presence of 2μM bicuculline to block IPSCs. Quantitative
analysis of NMDA/AMPA ratios revealed an almost 25% reduc-
tion in Nrxn2α KO and a 35% reduction in Nrxn2 KO neurons
compared to WT (Figure 5H). The data indicate that NMDAR-
mediated transmission is moderately altered even in absence of
a single Nrxn variant. While our current findings are consis-
tent with the diminished NMDA/AMPA ratio of eEPSCs found
in cultured neocortical slices from KO mice lacking all α-Nrxn
(Kattenstroth et al., 2004), there are also important differences
(see Discussion).
NEOCORTICAL GABAergic TRANSMISSION IS UNCHANGED IN Nrxn2α
AND Nrxn2 MUTANTS
Since earlier analysis showed defects of inhibitory transmission
in multiple α-Nrxn KO (Missler et al., 2003), we also investi-
gated inhibitory synapses in Nrxn2 mutants. Although a small
reduction of GABAergic mini frequency was present in brain-
stem neurons of newborn Nrxn2α KO (Missler et al., 2003), the
mIPSC frequency remained unchanged in the cortical neurons of
young-adult KO studied here (WT, 1.61 ± 0.14Hz, n = 14 cells/8
mice; Nrxn2 KO, 1.51 ± 0.15Hz, n = 9 cells/4 mice, p = 0.657).
Consistent with the earlier study, no differences were seen for
mIPSC amplitudes (WT, 7.82 ± 0.43 pA, n = 14 cells/8 mice;
Nrxn2 KO, 8.43 ± 0.24 pA, n = 9 cells/4 mice, p = 0.27) and
decay times (WT, 9.76 ± 0.96ms, n = 14 cells/8 mice; Nrxn2
KO, 9.60 ± 0.68ms, n = 9 cells/4 mice, p = 0.29). In accordance,
the density of symmetric, presumably inhibitory, synapses in the
somatosensory cortex were unchanged in Nrxn2 KOs compared
to littermates (WT, 5.5 ± 2.1/100μm2, n = 4 mice; Nrxn2 KO,
5.8 ± 1.7/100μm2, n = 4 mice; p = 0.93). Similarly, no differ-
ences in short-term plasticity as assessed by 20Hz stimulus trains
(data not shown) or by paired-pulse stimuli were observed when
we compared inhibitory cortical synapses from Nrxn2 KO mice
with controls. At short inter-stimulus intervals (20–30ms), both
genotypes expressedmoderate facilitation (ppr 20ms:WT, 1.13±
0.04, n = 10 cells; Nrxn2 KO, 1.18± 0.05, n = 12 cells, p = 0.40).
At longer inter-stimulus intervals (75–200ms), inhibitory WT
as well as Nrxn2 KO synapses showed properties of a paired-
pulse depression (ppr 150ms: WT, 0.90 ± 0.02, n = 10 cells;
Nrxn2 KO, 0.89 ± 0.02, n = 13 cells, p = 0.85), as expected for
these neurons (Fleidervish and Gutnick, 1995; Reyes et al., 1998).
Together, our results indicate that constitutive deletions of the
Nrxn2 gene predominantly affect glutamatergic release in the
neocortex after postnatal maturation, supporting the emerging
picture that region- and/or age-specific susceptibilities exist as
suggested before for other mutations in Nrxn (Etherton et al.,
2009) or Nlgn (Gibson et al., 2009; Blundell et al., 2010; Etherton
et al., 2011b; Soler-Llavina et al., 2011).
DISCUSSION
Previous studies in genetically modified mice dissected the func-
tion of Nrxns either in single Nrxn1α KO (Geppert et al., 1998;
Etherton et al., 2009; Laarakker et al., 2012; Grayton et al., 2013),
a splice variant-specific Nrxn3 KO (Aoto et al., 2013), or in mul-
tiple α−Nrxn KO mice (Missler et al., 2003; Kattenstroth et al.,
2004; Zhang et al., 2005; Dudanova et al., 2006, 2007; Sons et al.,
2006). Very little information is available on Nrxn2α KO, which
initially served as the least affected “KO control” for multiple
α−Nrxn KO (Missler et al., 2003; Zhang et al., 2005). In addi-
tion, no report exists on simultaneous inactivation of α− and
β−variants of any NRXN gene. We chose Nrxn2 for such a com-
bined deletion because recent work has identified novel mutations
in ASD patients in this gene (Gauthier et al., 2011), extending into
exons coding for its β−variant. In addition, Nrxn2 transcripts
appear particularly prone to activity-dependent splicing (Rozic-
Kotliroff and Zisapel, 2007; Rozic et al., 2013), and the strong
expression of its β-variant during postnatal development sug-
gested that any clear modification of the Nrxn2α KO phenotype
should be predominantly due to the lack of Nrxn2β. Here, we
tested both mouse models, previously generated single Nrxn2α
(Missler et al., 2003) and the combined Nrxn2 KO, for functional
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defects in neurotransmission and synapse formation. However,
we had to restrict behavioral testing to the Nrxn2α model already
backcrossed into a pure C57bl6 background to avoid confounding
effects from mixed genetic backgrounds (Bucan and Abel, 2002;
Wolfer et al., 2002) that made recent behavioral studies of Nrxn1α
KO mice difficult to compare (Etherton et al., 2009; Laarakker
et al., 2012; Grayton et al., 2013).
The behavioral profile of Nrxn2α KO mice revealed in this
study differs from that reported for Nrxn1α KO (Etherton et al.,
2009; Laarakker et al., 2012; Grayton et al., 2013). Nrxn1α
KO mice backcrossed onto the identical genetic background as
Nrxn2α KO display a decrease in social investigation, an increase
in aggression, an impairment in nest building, and reduced loco-
motor activity in novel environment (Grayton et al., 2013). In
comparison, we found that homozygous deletion of the Nrxn2α
gene led to reduced sociability, decreased social investigation,
and increased grooming behaviors only in the female mice.
Furthermore, both male and female Nrxn2α KO mice displayed
increased anxiety in the light-dark box and elevated plus maze,
and impairments in nest-building behaviors; however they did
not display any deficits in spatial learning or working/episodic-
like memory. These results suggest that deletion of Nrxn2α leads
to alterations in social and repetitive behaviors in a sex specific
manner, but do not affect cognition. Both of these behaviors are
within core symptom domains affected in ASDs, as well as general
heightened anxiety, which manifests in some patients with neu-
rodevelopmental disorders (Cosoff andHafner, 1998;White et al.,
2009). Recently, the behavior of Nrxn2α homozygote mice has
been examined on an isogenic background, however heterozy-
gote mice and sex differences were not investigated (Dachtler
et al., 2014). Here, the Nrxn2α KO mice failed to show any sig-
nificant preference for sociability or social novelty, and displayed
an anxiety phenotype in the open field and elevated plus maze
tasks. These results are similar to those shown here, where we see
that homozygote deletion of Nrxn2α lead to alterations in social
behaviors and an increase in anxiety. However, reduced sociability
and decreased social investigation only was found in female KO
mice, stressing the importance of investigating sex differences in
behavioral studies. Furthermore, the current study has included
both heterozygote and KO mice, which allows the behavior of the
Nrxn2α model to be further explored. Currently there is no clear
causal role for the loss of Nrxn2α in psychiatric disorders, due
to only a few mutations in patients having been found (Gauthier
et al., 2011; Mohrmann et al., 2011). However, examining the
effects of both the heterozygote and homozygote deletion will
contribute to understanding any association between this gene
and behavioral alterations associated with psychiatric disorders
such as ASD.
The functional differences between the three α-Nrxn isoforms
are not yet understood, but previous research has provided some
insight. Transgenic overexpression of a single Nrxn1α variant
can reverse the synaptic transmission phenotype in KO mice,
independent of how many α-Nrxns were deleted (Zhang et al.,
2005). This suggests functional redundancy between isoforms,
and that the α-Nrxns do not exhibit fundamental mechanistic
differences. Thus, a hypothesis to explain the phenotypic differ-
ence seen in Nrxn1α and Nrxn2α KO mice is that the isoforms
have a different spectrum of binding partners, which may differ
in various brain regions or synaptic subpopulations. For example,
alternative splicing at spice site #4 was shown to cause differ-
ential interactions with several ligands (Ichtchenko et al., 1995,
1996; Boucard et al., 2005; Ko et al., 2009; Siddiqui et al., 2010;
Uemura et al., 2010), and splice variants in Nrxn1 and Nrxn2 are
in fact differentially distributed in brain regions (Ullrich et al.,
1995; Aoto et al., 2013). In addition, other target molecules of α-
Nrxn function such as GABAAR (Zhang et al., 2010), GABABR
(Dudanova et al., 2006; Fu and Huang, 2010), AMPAR (Aoto
et al., 2013), NMDAR (Kattenstroth et al., 2004), or voltage-gated
Ca2+ channels (Missler et al., 2003; Zhang et al., 2005) have yet
to be studied for preferences by different α-Nrxn isoforms. With
regards to behaviors of Nrxn1α (Etherton et al., 2009; Laarakker
et al., 2012; Grayton et al., 2013) and Nrxn2α KO (studied here,
and by Dachtler et al., 2014), there is not enough information
available to assign behavioral differences to functional differences
in the isoforms.
The loss of Nrxn2β in our new combined Nrxn2 mutant is
unequivocally demonstrated by absence of its mRNA, however,
some truncated Nrxn2α may still be present, possibly caused by
unexpected splicing events around exon 23 (Tabuchi and Sudhof,
2002; Treutlein et al., 2014). Although adverse effects of modi-
fied mRNA species can never be ruled out, it appears unlikely
that the deletion translates into a functional Nrxn2α because it
could not be anchored in the presynaptic membrane for lack of
a transmembrane region (Ushkaryov et al., 1992; Ushkaryov and
Sudhof, 1993). Moreover, dominant-negative effects of a poten-
tially secreted Nrxn2α variant also appear unlikely because the
possibility of such isoforms does exist in brain, at least in the
closely homologous Nrxn3α (Ushkaryov and Sudhof, 1993; Aoto
et al., 2013; Treutlein et al., 2014).
We show here that deletions of Nrxn2α and the combined
Nrxn2 cause similar impairments of mEPSC frequency at neocor-
tical synapses but no change in their density. These results are in
line with our earlier analysis of multiple α-Nrxn KO mice, albeit
the reduction in mEPSC frequency was stronger in double or
triple KOs (Missler et al., 2003; Zhang et al., 2005). The similarly
prominent reduction in GABAergic frequency identified in brain-
stem synapses of newborn mutants (Missler et al., 2003; Zhang
et al., 2005) was not present in our current analysis in cortical
neurons of young-adult mutants. This is consistent with the study
of single Nrxn1α KO that also foundmEPSC, but not mIPSC, fre-
quencies reduced in the CA1 region of hippocampus (Etherton
et al., 2009). Interestingly, we observed little differences between
Nrxn2α and Nrxn2 KOs in mEPSC, evoked EPSC and PPF defi-
ciencies, despite the high expression levels of Nrxn2β in most
neocortical areas (Ullrich et al., 1995; Aoto et al., 2013). Our com-
parison of Nrxn2α and Nrxn2 KOmice, the latter with additional
deletion of Nrxn2β, suggests that the function of evolutionarily
older α-Nrxns (Tabuchi and Sudhof, 2002; Haklai-Topper et al.,
2011) is pre-eminent, or that no role exists for Nrxn2β at exci-
tatory synapses in the somatosensory cortex. This scenario is
consistent with rescue experiments which revealed that the triple
α-Nrxn KO phenotype can be compensated by transgenic over-
expression of Nrxn1α but not by Nrxn1β (Missler et al., 2003;
Zhang et al., 2005). To exclude that a high redundancy among
Frontiers in Synaptic Neuroscience www.frontiersin.org February 2015 | Volume 7 | Article 3 | 12
Born et al. Abnormalities in neurexin-2 mouse mutants
different β-Nrxn obscured important functions in our single gene
deletion, future work will have to address their contribution
systematically.
A role of Nrxn2 in short-term plasticity was not investigated
before, but transfection of a dominant-negative Nrxn1 enhanced
PPF in hippocampal slice cultures (Futai et al., 2007). The reduced
PPF at glutamatergic synapses observed here is consistent with
that study. The finding is also surprising because an inverse rela-
tionship between the degree of facilitation and release probability
(Pr) is frequently observed (Debanne et al., 1996; Dobrunz and
Stevens, 1997; Murthy et al., 1997) but not present here. Thus,
explanation of paired-pulse and frequency-dependent plasticity
solely by initial release probability is too simplistic: for exam-
ple, Rab3A KO showed enhanced PPF in absence of reduced Pr
(Geppert et al., 1997), and synapsin1/2 KO exhibited enhanced
depression without change in Pr (Rosahl et al., 1995; Sun et al.,
2006). At present, we cannot decide definitively if the reduced
facilitation unveiled here is caused by presynaptic mechanisms
alone (e.g., residual calcium) or by a combination of pre- and
postsynaptic defects, quite possible for amolecule as Nrxn2 which
engages in trans-synaptic complexes (Reissner et al., 2013). In
support of a combined effect, involving altered NMDAR function,
we found that application of NMDAR antagonists abolished the
differences between WT and Nrxn2α or Nrxn2 KO. In addition,
decay times of the EPSCs at Nrxn2 KO synapses are faster and
accumulation of EPSCs at shorter inter-stimulus intervals in ppr
experiments is less pronounced. These findings provide evidence
that NMDAR are involved in the facilitation phenotype because
the slow component of the EPSCs are reduced in KO mice, and
this could be mimicked in WT neurons by pharmacologically
blocking postsynaptic NMDARs. In agreement of such a possibil-
ity, it has previously been reported that postsynaptically located
NMDAR interact with L-type calcium channels, and are able to
modify paired-pulse potentiation (Zinebi et al., 2001; Akopian
and Walsh, 2002).
The NMDA/AMPA ratios found altered here in Nrxn2α or
Nrxn2 KO are consistent with our earlier study of α-Nrxn triple
mutants that displayed an about 50% reduction of NMDA/AMPA
ratio in cultures (Kattenstroth et al., 2004). One discrepancy with
this study remains, however, as the effect on NMDAR was ear-
lier determined as cell-autonomous: co-culturing GFP-expressing
WT neurons on Nrxn2α (control) and α-Nrxn triple KO slices
failed to reveal a changed NMDA/AMPA ratio (Kattenstroth et al.,
2004). While this discrepancy cannot be completely resolved, the
earlier study relied solely on NMDA/AMPA ratios of mini events
under Mg2+-free conditions (Kattenstroth et al., 2004), while our
investigation here is based on robust NMDAR-mediated compo-
nents of evoked EPSCs in acute slices at high stimulus intensities.
This notwithstanding, our current data in Nrxn2α and Nrxn2 KO
agree with many studies that reported dysfunction of NMDAR
alters synaptic plasticity (Malinow and Malenka, 2002; Zucker
and Regehr, 2002; Li et al., 2009; Jung et al., 2010), and is asso-
ciated with psychiatric disorders (Lau and Zukin, 2007; Li et al.,
2009).
Our observation of impaired postsynaptic NMDAR function
emphasizes the importance of signaling through the association
of Nrxn with trans-synaptic binding partners (Reissner et al.,
2013). Their interaction partner Nlgn (Ichtchenko et al., 1995;
Boucard et al., 2005) was actually shown to affect NMDAR
recruitment via postsynaptic scaffold proteins (Irie et al., 1997;
Song et al., 1999; Barrow et al., 2009). Consequently, other
studies demonstrated that NMDAR depend directly on Nlgn
because NMDAR-mediated short- and long-term plasticity is
altered when their interaction is disrupted (Blundell et al., 2010;
Jung et al., 2010; Etherton et al., 2011a; Budreck et al., 2013). In
fact, dysfunction of behaviors as reduced social novelty seeking,
often associated with autism, can be induced in mice by lower-
ing levels of the NMDAR (Mohn et al., 1999; Finlay et al., 2015).
Such investigations may help to explain that the behavioral phe-
notype in Nrxn2α KOmice is related to the changes in short-term
plasticity and altered NMDAR function. More research is needed,
however, to determine how the Nrxn/Nlgn complex regulates the
function of NMDAR at the cellular level, and to narrow the gap
between molecular manipulations and altered behaviors.
AUTHOR CONTRIBUTIONS
All authors gave their approval of the manuscript and agree to
take responsibility for the integrity of their data and the accuracy
of their data analysis. Study concept and experimental design was
done by MM and CF. Acquisition of data and analysis were per-
formed by GB, HMG, AR, HL, ID and BWW. Interpretation of
data was done by GB, HMG, AR, DAC, CF and MM. The article
was drafted by MM and critically revised by all authors.
ACKNOWLEDGMENTS
The authors would like to thank Carsten Reissner for discus-
sion, and Kai Kerkhoff and Ilka Wolff for excellent technical
help. Funding for this project was provided by the Deutsche
Forschungsgemeinschaft (SFB629, TPB11, to MM).
REFERENCES
Abbott, L. F., and Regehr, W. G. (2004). Synaptic computation. Nature 431,
796–803. doi: 10.1038/nature03010
Akopian, G., and Walsh, J. P. (2002). Corticostriatal paired-pulse potentiation pro-
duced by voltage-dependent activation of NMDA receptors and L-type Ca(2+)
channels. J. Neurophysiol. 87, 157–165. doi: 10.1152/jn.00115.2001
Aoto, J., Martinelli, D. C., Malenka, R. C., Tabuchi, K., and Sudhof, T.
C. (2013). Presynaptic neurexin-3 alternative splicing trans-synaptically
controls postsynaptic AMPA receptor trafficking. Cell 154, 75–88. doi:
10.1016/j.cell.2013.05.060
Barrow, S. L., Constable, J. R., Clark, E., El-Sabeawy, F., McAllister, A. K., and
Washbourne, P. (2009). Neuroligin1: a cell adhesionmolecule that recruits PSD-
95 and NMDA receptors by distinct mechanisms during synaptogenesis.Neural
Dev. 4:17. doi: 10.1186/1749-8104-4-17
Beglopoulos, V., Montag-Sallaz, M., Rohlmann, A., Piechotta, K., Ahmad, M.,
Montag, D., et al. (2005). Neurexophilin 3 is highly localized in cortical and cere-
bellar regions and is functionally important for sensorimotor gating and motor
coordination. Mol. Cell. Biol. 25, 7278–7288. doi: 10.1128/MCB.25.16.7278-
7288.2005
Blitz, D. M., Foster, K. A., and Regehr, W. G. (2004). Short-term synaptic plas-
ticity: a comparison of two synapses. Nat. Rev. Neurosci. 5, 630–640. doi:
10.1038/nrn1475
Blundell, J., Blaiss, C. A., Etherton, M. R., Espinosa, F., Tabuchi, K., Walz, C., et al.
(2010). Neuroligin-1 deletion results in impaired spatial memory and increased
repetitive behavior. J. Neurosci. 30, 2115–2129. doi: 10.1523/JNEUROSCI.4517-
09.2010
Born, G., Breuer, D., Wang, S., Rohlmann, A., Coulon, P., Vakili, P., et al.
(2014). Modulation of synaptic function through the alpha-neurexin-specific
Frontiers in Synaptic Neuroscience www.frontiersin.org February 2015 | Volume 7 | Article 3 | 13
Born et al. Abnormalities in neurexin-2 mouse mutants
ligand neurexophilin-1. Proc. Natl. Acad. Sci. U.S.A. 111, E1274–E1283. doi:
10.1073/pnas.1312112111
Boucard, A. A., Chubykin, A. A., Comoletti, D., Taylor, P., and Sudhof, T. C.
(2005). A splice code for trans-synaptic cell adhesion mediated by bind-
ing of neuroligin 1 to alpha- and beta-neurexins. Neuron 48, 229–236. doi:
10.1016/j.neuron.2005.08.026
Bucan, M., and Abel, T. (2002). The mouse: genetics meets behaviour. Nat. Rev.
Genet. 3, 114–123. doi: 10.1038/nrg728
Budreck, E. C., Kwon, O. B., Jung, J. H., Baudouin, S., Thommen, A., Kim, H. S.,
et al. (2013). Neuroligin-1 controls synaptic abundance of NMDA-type gluta-
mate receptors through extracellular coupling. Proc. Natl. Acad. Sci. U.S.A. 110,
725–730. doi: 10.1073/pnas.1214718110
Buxbaum, J. D., Daly, M. J., Devlin, B., Lehner, T., Roeder, K., and State, M.
W. (2012). The autism sequencing consortium: large-scale, high-throughput
sequencing in autism spectrum disorders. Neuron 76, 1052–1056. doi:
10.1016/j.neuron.2012.12.008
Camacho-Garcia, R. J., Planelles, M. I., Margalef, M., Pecero, M. L., Martinez-Leal,
R., Aguilera, F., et al. (2012). Mutations affecting synaptic levels of neurexin-
1beta in autism and mental retardation. Neurobiol. Dis. 47, 135–143. doi:
10.1016/j.nbd.2012.03.031
Carroll, R. C., and Zukin, R. S. (2002). NMDA-receptor trafficking and target-
ing: implications for synaptic transmission and plasticity. Trends Neurosci. 25,
571–577. doi: 10.1016/S0166-2236(02)02272-5
Chamberlain, S. E., Yang, J., and Jones, R. S. (2008). The role of NMDA recep-
tor subtypes in short-term plasticity in the rat entorhinal cortex. Neural Plast.
2008:872456. doi: 10.1155/2008/872456
Chih, B., Gollan, L., and Scheiffele, P. (2006). Alternative splicing controls selec-
tive trans-synaptic interactions of the neuroligin-neurexin complex. Neuron 51,
171–178. doi: 10.1016/j.neuron.2006.06.005
Ching, M. S., Shen, Y., Tan,W. H., Jeste, S. S., Morrow, E. M., Chen, X., et al. (2010).
Deletions of NRXN1 (neurexin-1) predispose to a wide spectrum of develop-
mental disorders. Am. J. Med. Genet. B Neuropsychiatr. Genet. 153B, 937–947.
doi: 10.1002/ajmg.b.31063.
Cosoff, S. J., and Hafner, R. J. (1998). The prevalence of comorbid anxiety
in schizophrenia, schizoaffective disorder and bipolar disorder. Aust. N.Z. J.
Psychiatry 32, 67–72. doi: 10.3109/00048679809062708
Dachtler, J., Glasper, J., Cohen, R. N., Ivorra, J. L., Swiffen, D. J., Jackson, A. J.,
et al. (2014). Deletion of alpha-neurexin II results in autism-related behaviors
in mice. Transl. Psychiatry 4, e484. doi: 10.1038/tp.2014.123
Debanne, D., Guerineau, N. C., Gahwiler, B. H., and Thompson, S. M. (1996).
Paired-pulse facilitation and depression at unitary synapses in rat hippocampus:
quantal fluctuation affects subsequent release. J. Physiol. 491(Pt 1), 163–176.
doi: 10.1113/jphysiol.1996.sp021204
Delorme, R., Ey, E., Toro, R., Leboyer, M., Gillberg, C., and Bourgeron, T. (2013).
Progress toward treatments for synaptic defects in autism. Nat. Med. 19,
685–694. doi: 10.1038/nm.3193
De Wit, J., Sylwestrak, E., O’sullivan, M. L., Otto, S., Tiglio, K., Savas, J. N., et al.
(2009). LRRTM2 interacts with Neurexin1 and regulates excitatory synapse
formation. Neuron 64, 799–806. doi: 10.1016/j.neuron.2009.12.019
Dobrunz, L. E., and Stevens, C. F. (1997). Heterogeneity of release probabil-
ity, facilitation, and depletion at central synapses. Neuron 18, 995–1008. doi:
10.1016/S0896-6273(00)80338-4
Dudanova, I., Sedej, S., Ahmad, M., Masius, H., Sargsyan, V., Zhang,
W., et al. (2006). Important contribution of alpha-neurexins to Ca2+-
triggered exocytosis of secretory granules. J. Neurosci. 26, 10599–10613. doi:
10.1523/JNEUROSCI.1913-06.2006
Dudanova, I., Tabuchi, K., Rohlmann, A., Sudhof, T. C., and Missler, M.
(2007). Deletion of alpha-neurexins does not cause a major impairment of
axonal pathfinding or synapse formation. J. Comp. Neurol. 502, 261–274. doi:
10.1002/cne.21305
Engelman, H. S., and MacDermott, A. B. (2004). Presynaptic ionotropic recep-
tors and control of transmitter release. Nat. Rev. Neurosci. 5, 135–145. doi:
10.1038/nrn1297
Etherton, M., Foldy, C., Sharma, M., Tabuchi, K., Liu, X., Shamloo, M., et al.
(2011a). Autism-linked neuroligin-3 R451C mutation differentially alters
hippocampal and cortical synaptic function. Proc. Natl. Acad. Sci. U.S.A. 108,
13764–13769. doi: 10.1073/pnas.1111093108
Etherton, M. R., Blaiss, C. A., Powell, C. M., and Sudhof, T. C. (2009). Mouse
neurexin-1alpha deletion causes correlated electrophysiological and behavioral
changes consistent with cognitive impairments. Proc. Natl. Acad. Sci. U.S.A. 106,
17998–18003. doi: 10.1073/pnas.0910297106
Etherton, M. R., Tabuchi, K., Sharma, M., Ko, J., and Sudhof, T. C. (2011b).
An autism-associated point mutation in the neuroligin cytoplasmic tail selec-
tively impairs AMPA receptor-mediated synaptic transmission in hippocampus.
EMBO J. 30, 2908–2919. doi: 10.1038/emboj.2011.182
Ey, E., Leblond, C. S., and Bourgeron, T. (2011). Behavioral profiles of mouse
models for autism spectrum disorders.Autism Res. 4, 5–16. doi: 10.1002/aur.175
Feldmeyer, D., and Radnikow, G. (2009). Developmental alterations in the func-
tional properties of excitatory neocortical synapses. J. Physiol. 587, 1889–1896.
doi: 10.1113/jphysiol.2009.169458
Feng, J., Schroer, R., Yan, J., Song, W., Yang, C., Bockholt, A., et al. (2006).
High frequency of neurexin 1beta signal peptide structural variants in
patients with autism. Neurosci. Lett. 409, 10–13. doi: 10.1016/j.neulet.2006.
08.017
Fernandes, C., and File, S. E. (1996). The influence of open arm ledges and maze
experience in the elevated plus-maze. Pharmacol. Biochem. Behav. 54, 31–40.
doi: 10.1016/0091-3057(95)02171-X
Finlay, J. M., Dunham, G. A., Isherwood, A. M., Newton, C. J., Nguyen, T. V.,
Reppar, P. C., et al. (2015). Effects of prefrontal cortex and hippocampal NMDA-
NR1 subunit deletion on complex cognitive and social behaviors. Brain Res. doi:
10.1016/j.brainres.2014.10.037. [Epub ahead of print].
Fleidervish, I. A., and Gutnick, M. J. (1995). Paired-pulse facilitation of IPSCs in
slices of immature andmaturemouse somatosensory neocortex. J. Neurophysiol.
73, 2591–2595.
Frick, A., Feldmeyer, D., and Sakmann, B. (2007). Postnatal development of synap-
tic transmission in local networks of L5A pyramidal neurons in rat somatosen-
sory cortex. J. Physiol. 585, 103–116. doi: 10.1113/jphysiol.2007.141788
Fu, Y., and Huang, Z. J. (2010). Differential dynamics and activity-dependent
regulation of alpha- and beta-neurexins at developing GABAergic synapses.
Proc. Natl. Acad. Sci. U.S.A. 107, 22699–22704. doi: 10.1073/pnas.1011
233108
Futai, K., Kim, M. J., Hashikawa, T., Scheiffele, P., Sheng, M., and Hayashi,
Y. (2007). Retrograde modulation of presynaptic release probability through
signaling mediated by PSD-95-neuroligin. Nat. Neurosci. 10, 186–195. doi:
10.1038/nn1837
Gauthier, J., Siddiqui, T. J., Huashan, P., Yokomaku, D., Hamdan, F. F., Champagne,
N., et al. (2011). Truncating mutations in NRXN2 and NRXN1 in autism
spectrum disorders and schizophrenia. Hum. Genet. 130, 563–573. doi:
10.1007/s00439-011-0975-z
Geppert, M., Goda, Y., Stevens, C. F., and Sudhof, T. C. (1997). The small GTP-
binding protein Rab3A regulates a late step in synaptic vesicle fusion. Nature
387, 810–814. doi: 10.1038/42954
Geppert, M., Khvotchev, M., Krasnoperov, V., Goda, Y., Missler, M., Hammer,
R. E., et al. (1998). Neurexin I alpha is a major alpha-latrotoxin receptor
that cooperates in alpha-latrotoxin action. J. Biol. Chem. 273, 1705–1710. doi:
10.1074/jbc.273.3.1705
Gibson, J. R., Huber, K. M., and Sudhof, T. C. (2009). Neuroligin-2 deletion selec-
tively decreases inhibitory synaptic transmission originating from fast-spiking
but not from somatostatin-positive interneurons. J. Neurosci. 29, 13883–13897.
doi: 10.1523/JNEUROSCI.2457-09.2009
Graf, E. R., Zhang, X., Jin, S. X., Linhoff, M.W., and Craig, A. M. (2004). Neurexins
induce differentiation of GABA and glutamate postsynaptic specializations via
neuroligins. Cell 119, 1013–1026. doi: 10.1016/j.cell.2004.11.035
Gray, E. G. (1959). Axo-somatic and axo-dendritic synapses of the cerebral cortex:
an electron microscope study. J. Anat. 93, 420–433.
Grayton, H. M., Missler, M., Collier, D. A., and Fernandes, C. (2013). Altered
social behaviours in neurexin 1alpha knockout mice resemble core symptoms
in neurodevelopmental disorders. PLoS ONE 8:e67114. doi: 10.1371/jour-
nal.pone.0067114
Haklai-Topper, L., Soutschek, J., Sabanay, H., Scheel, J., Hobert, O., and Peles, E.
(2011). The neurexin superfamily of Caenorhabditis elegans. Gene Expr. Patterns
11, 144–150. doi: 10.1016/j.gep.2010.10.008
Hoeffding, L. K., Hansen, T., Ingason, A., Doung, L., Thygesen, J. H., Moller, R. S.,
et al. (2014). Sequence analysis of 17 NRXN1 deletions. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 165, 52–61. doi: 10.1002/ajmg.b.32204
Ichtchenko, K., Hata, Y., Nguyen, T., Ullrich, B., Missler, M., Moomaw, C., et al.
(1995). Neuroligin 1: a splice site-specific ligand for beta-neurexins. Cell 81,
435–443. doi: 10.1016/0092-8674(95)90396-8
Frontiers in Synaptic Neuroscience www.frontiersin.org February 2015 | Volume 7 | Article 3 | 14
Born et al. Abnormalities in neurexin-2 mouse mutants
Ichtchenko, K., Nguyen, T., and Sudhof, T. C. (1996). Structures, alternative
splicing, and neurexin binding of multiple neuroligins. J. Biol. Chem. 271,
2676–2682. doi: 10.1074/jbc.271.5.2676
Irie, M., Hata, Y., Takeuchi, M., Ichtchenko, K., Toyoda, A., Hirao, K., et al. (1997).
Binding of neuroligins to PSD-95. Science 277, 1511–1515. doi: 10.1126/sci-
ence.277.5331.1511
Jung, S. Y., Kim, J., Kwon, O. B., Jung, J. H., An, K., Jeong, A. Y., et al. (2010).
Input-specific synaptic plasticity in the amygdala is regulated by neuroligin-1
via postsynaptic NMDA receptors. Proc. Natl. Acad. Sci. U.S.A. 107, 4710–4715.
doi: 10.1073/pnas.1001084107
Kattenstroth, G., Tantalaki, E., Sudhof, T. C., Gottmann, K., andMissler, M. (2004).
Postsynaptic N-methyl-D-aspartate receptor function requires alpha-neurexins.
Proc. Natl. Acad. Sci. U.S.A. 101, 2607–2612. doi: 10.1073/pnas.0308626100
Kim, H. G., Kishikawa, S., Higgins, A.W., Seong, I. S., Donovan, D. J., Shen, Y., et al.
(2008). Disruption of neurexin 1 associated with autism spectrum disorder. Am.
J. Hum. Genet. 82, 199–207. doi: 10.1016/j.ajhg.2007.09.011
Kirov, G., Gumus, D., Chen, W., Norton, N., Georgieva, L., Sari, M., et al. (2008).
Comparative genome hybridization suggests a role for NRXN1 and APBA2 in
schizophrenia. Hum. Mol. Genet. 17, 458–465. doi: 10.1093/hmg/ddm323
Ko, J., Fuccillo, M. V., Malenka, R. C., and Sudhof, T. C. (2009). LRRTM2 func-
tions as a neurexin ligand in promoting excitatory synapse formation. Neuron
64, 791–798. doi: 10.1016/j.neuron.2009.12.012
Ko, J., Soler-Llavina, G. J., Fuccillo, M. V., Malenka, R. C., and Sudhof,
T. C. (2011). Neuroligins/LRRTMs prevent activity- and Ca2+/calmodulin-
dependent synapse elimination in cultured neurons. J. Cell Biol. 194, 323–334.
doi: 10.1083/jcb.201101072
Laarakker,M. C., Reinders, N. R., Bruining, H., Ophoff, R. A., and Kas,M. J. (2012).
Sex-dependent novelty response in neurexin-1alpha mutant mice. PLoS ONE
7:e31503. doi: 10.1371/journal.pone.0031503
Lau, C. G., and Zukin, R. S. (2007). NMDA receptor trafficking in synaptic
plasticity and neuropsychiatric disorders. Nat. Rev. Neurosci. 8, 413–426. doi:
10.1038/nrn2153
Li, B., Devidze, N., Barengolts, D., Prostak, N., Sphicas, E., Apicella, A. J., et al.
(2009). NMDA receptor phosphorylation at a site affected in schizophrenia
controls synaptic and behavioral plasticity. J. Neurosci. 29, 11965–11972. doi:
10.1523/JNEUROSCI.2109-09.2009
Li, H., Bandrowski, A. E., and Prince, D. A. (2005). Cortical injury affects short-
term plasticity of evoked excitatory synaptic currents. J. Neurophysiol. 93,
146–156. doi: 10.1152/jn.00665.2004
Liu, Y., Hu, Z., Xun, G., Peng, Y., Lu, L., Xu, X., et al. (2012). Mutation analysis of
the NRXN1 gene in a Chinese autism cohort. J. Psychiatr. Res. 46, 630–634. doi:
10.1016/j.jpsychires.2011.10.015
Malinow, R., and Malenka, R. C. (2002). AMPA receptor traffick-
ing and synaptic plasticity. Annu. Rev. Neurosci. 25, 103–126. doi:
10.1146/annurev.neuro.25.112701.142758
Missler, M., Sudhof, T. C., and Biederer, T. (2012). Synaptic cell adhesion. Cold
Spring Harb. Perspect. Biol. 4:a005694. doi: 10.1101/cshperspect.a005694
Missler, M., Zhang,W., Rohlmann, A., Kattenstroth, G., Hammer, R. E., Gottmann,
K., et al. (2003). Alpha-neurexins couple Ca2+ channels to synaptic vesicle
exocytosis. Nature 423, 939–948. doi: 10.1038/nature01755
Mohn, A. R., Gainetdinov, R. R., Caron, M. G., and Koller, B. H. (1999). Mice with
reduced NMDA receptor expression display behaviors related to schizophrenia.
Cell 98, 427–436. doi: 10.1016/S0092-8674(00)81972-8
Mohrmann, I., Gillessen-Kaesbach, G., Siebert, R., Caliebe, A., and Hellenbroich,
Y. (2011). A de novo 0.57 Mb microdeletion in chromosome 11q13.1 in a
patient with speech problems, autistic traits, dysmorphic features and mul-
tiple endocrine neoplasia type 1. Eur. J. Med. Genet. 54, e461–e464. doi:
10.1016/j.ejmg.2011.04.006
Monaghan, D. T., Bridges, R. J., and Cotman, C. W. (1989). The excitatory amino
acid receptors: their classes, pharmacology, and distinct properties in the func-
tion of the central nervous system. Annu. Rev. Pharmacol. Toxicol. 29, 365–402.
doi: 10.1146/annurev.pa.29.040189.002053
Murthy, V. N., Sejnowski, T. J., and Stevens, C. F. (1997). Heterogeneous release
properties of visualized individual hippocampal synapses. Neuron 18, 599–612.
doi: 10.1016/S0896-6273(00)80301-3
Myme, C. I., Sugino, K., Turrigiano, G. G., and Nelson, S. B. (2003). The
NMDA-to-AMPA ratio at synapses onto layer 2/3 pyramidal neurons is con-
served across prefrontal and visual cortices. J. Neurophysiol. 90, 771–779. doi:
10.1152/jn.00070.2003
Nam, C. I., and Chen, L. (2005). Postsynaptic assembly induced by neurexin-
neuroligin interaction and neurotransmitter. Proc. Natl. Acad. Sci. U.S.A. 102,
6137–6142. doi: 10.1073/pnas.0502038102
Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diver-
sity: impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14, 383–400. doi: 10.1038/nrn3504
Puschel, A. W., and Betz, H. (1995). Neurexins are differentially expressed in the
embryonic nervous system of mice. J. Neurosci. 15, 2849–2856.
Reissner, C., Klose, M., Fairless, R., and Missler, M. (2008). Mutational analysis of
the neurexin/neuroligin complex reveals essential and regulatory components.
Proc. Natl. Acad. Sci. U.S.A. 105, 15124–15129. doi: 10.1073/pnas.0801639105
Reissner, C., Runkel, F., and Missler, M. (2013). Neurexins. Genome Biol. 14, 213.
doi: 10.1186/gb-2013-14-9-213
Reyes, A., Lujan, R., Rozov, A., Burnashev, N., Somogyi, P., and Sakmann, B.
(1998). Target-cell-specific facilitation and depression in neocortical circuits.
Nat. Neurosci. 1, 279–285. doi: 10.1038/1092
Rivadulla, C., Sharma, J., and Sur, M. (2001). Specific roles of NMDA and AMPA
receptors in direction-selective and spatial phase-selective responses in visual
cortex. J. Neurosci. 21, 1710–1719.
Rosahl, T.W., Spillane, D.,Missler,M., Herz, J., Selig, D. K.,Wolff, J. R., et al. (1995).
Essential functions of synapsins I and II in synaptic vesicle regulation. Nature
375, 488–493. doi: 10.1038/375488a0
Rozic, G., Lupowitz, Z., and Zisapel, N. (2013). Exonal elements and factors
involved in the depolarization-induced alternative splicing of neurexin 2. J. Mol.
Neurosci. 50, 221–233. doi: 10.1007/s12031-012-9919-x
Rozic-Kotliroff, G., and Zisapel, N. (2007). Ca2+ -dependent splicing of
neurexin IIalpha. Biochem. Biophys. Res. Commun. 352, 226–230. doi:
10.1016/j.bbrc.2006.11.008
Rujescu, D., Ingason, A., Cichon, S., Pietilainen, O. P., Barnes, M. R., Toulopoulou,
T., et al. (2009). Disruption of the neurexin 1 gene is associated with schizophre-
nia. Hum. Mol. Genet. 18, 988–996. doi: 10.1093/hmg/ddn351
Runkel, F., Rohlmann, A., Reissner, C., Brand, S. M., and Missler, M. (2013).
Promoter-like sequences regulating transcriptional activity in neurexin and
neuroligin genes. J. Neurochem. 127, 36–47. doi: 10.1111/jnc.12372
Scheiffele, P., Fan, J., Choih, J., Fetter, R., and Serafini, T. (2000). Neuroligin
expressed in nonneuronal cells triggers presynaptic development in contacting
axons. Cell 101, 657–669. doi: 10.1016/S0092-8674(00)80877-6
Shipman, S. L., Schnell, E., Hirai, T., Chen, B. S., Roche, K. W., and Nicoll, R. A.
(2011). Functional dependence of neuroligin on a new non-PDZ intracellular
domain. Nat. Neurosci. 14, 718–726. doi: 10.1038/nn.2825
Siddiqui, T. J., Pancaroglu, R., Kang, Y., Rooyakkers, A., and Craig, A. M. (2010).
LRRTMs and neuroligins bind neurexins with a differential code to coop-
erate in glutamate synapse development. J. Neurosci. 30, 7495–7506. doi:
10.1523/JNEUROSCI.0470-10.2010
Soler-Llavina, G. J., Fuccillo, M. V., Ko, J., Sudhof, T. C., andMalenka, R. C. (2011).
The neurexin ligands, neuroligins and leucine-rich repeat transmembrane pro-
teins, perform convergent and divergent synaptic functions in vivo. Proc. Natl.
Acad. Sci. U.S.A. 108, 16502–16509. doi: 10.1073/pnas.1114028108
Song, J. Y., Ichtchenko, K., Sudhof, T. C., and Brose, N. (1999). Neuroligin 1 is
a postsynaptic cell-adhesion molecule of excitatory synapses. Proc. Natl. Acad.
Sci. U.S.A. 96, 1100–1105. doi: 10.1073/pnas.96.3.1100
Sons, M. S., Busche, N., Strenzke, N., Moser, T., Ernsberger, U., Mooren, F. C.,
et al. (2006). alpha-Neurexins are required for efficient transmitter release and
synaptic homeostasis at the mouse neuromuscular junction. Neuroscience 138,
433–446. doi: 10.1016/j.neuroscience.2005.11.040
Sun, J., Bronk, P., Liu, X., Han, W., and Sudhof, T. C. (2006). Synapsins regulate
use-dependent synaptic plasticity in the calyx of Held by a Ca2+/calmodulin-
dependent pathway. Proc. Natl. Acad. Sci. U.S.A. 103, 2880–2885. doi:
10.1073/pnas.0511300103
Szatmari, P., Paterson, A. D., Zwaigenbaum, L., Roberts, W., Brian, J., Liu, X. Q.,
et al. (2007). Mapping autism risk loci using genetic linkage and chromosomal
rearrangements. Nat. Genet. 39, 319–328. doi: 10.1038/ng1985
Tabuchi, K., and Sudhof, T. C. (2002). Structure and evolution of neurexin genes:
insight into the mechanism of alternative splicing. Genomics 79, 849–859. doi:
10.1006/geno.2002.6780
Treutlein, B., Gokce, O., Quake, S. R., and Sudhof, T. C. (2014). Cartography
of neurexin alternative splicing mapped by single-molecule long-read
mRNA sequencing. Proc. Natl. Acad. Sci. U.S.A. 111, E1291–E1299. doi:
10.1073/pnas.1403244111
Frontiers in Synaptic Neuroscience www.frontiersin.org February 2015 | Volume 7 | Article 3 | 15
Born et al. Abnormalities in neurexin-2 mouse mutants
Uemura, T., Lee, S. J., Yasumura, M., Takeuchi, T., Yoshida, T., Ra, M., et al.
(2010). Trans-synaptic interaction of GluRdelta2 and Neurexin through Cbln1
mediates synapse formation in the cerebellum. Cell 141, 1068–1079. doi:
10.1016/j.cell.2010.04.035
Ullrich, B., Ushkaryov, Y. A., and Sudhof, T. C. (1995). Cartography of neurex-
ins: more than 1000 isoforms generated by alternative splicing and expressed
in distinct subsets of neurons. Neuron 14, 497–507. doi: 10.1016/0896-
6273(95)90306-2
Ushkaryov, Y. A., Petrenko, A. G., Geppert, M., and Sudhof, T. C. (1992). Neurexins:
synaptic cell surface proteins related to the alpha-latrotoxin receptor and
laminin. Science 257, 50–56. doi: 10.1126/science.1621094
Ushkaryov, Y. A., and Sudhof, T. C. (1993). Neurexin III alpha: extensive alternative
splicing generates membrane-bound and soluble forms. Proc. Natl. Acad. Sci.
U.S.A. 90, 6410–6414. doi: 10.1073/pnas.90.14.6410
Vaags, A. K., Lionel, A. C., Sato, D., Goodenberger, M., Stein, Q. P., Curran, S., et al.
(2012). Rare deletions at the neurexin 3 locus in autism spectrum disorder. Am.
J. Hum. Genet. 90, 133–141. doi: 10.1016/j.ajhg.2011.11.025
Varoqueaux, F., Aramuni, G., Rawson, R. L., Mohrmann, R., Missler, M.,
Gottmann, K., et al. (2006). Neuroligins determine synapse maturation and
function. Neuron 51, 741–754. doi: 10.1016/j.neuron.2006.09.003
Voineskos, A. N., Lett, T. A., Lerch, J. P., Tiwari, A. K., Ameis, S. H., Rajji, T. K.,
et al. (2011). Neurexin-1 and frontal lobe white matter: an overlapping interme-
diate phenotype for schizophrenia and autism spectrum disorders. PLoS ONE
6:e20982. doi: 10.1371/journal.pone.0020982
White, S. W., Oswald, D., Ollendick, T., and Scahill, L. (2009). Anxiety in children
and adolescents with autism spectrum disorders.Clin. Psychol. Rev. 29, 216–229.
doi: 10.1016/j.cpr.2009.01.003
Wolfer, D. P., Crusio,W. E., and Lipp, H. P. (2002). Knockout mice: simple solutions
to the problems of genetic background and flanking genes. Trends Neurosci. 25,
336–340. doi: 10.1016/S0166-2236(02)02192-6
Yan, J., Noltner, K., Feng, J., Li, W., Schroer, R., Skinner, C., et al. (2008). Neurexin
1alpha structural variants associated with autism. Neurosci. Lett. 438, 368–370.
doi: 10.1016/j.neulet.2008.04.074
Yue, W., Yang, Y., Zhang, Y., Lu, T., Hu, X., Wang, L., et al. (2011). A case-control
association study of NRXN1 polymorphisms with schizophrenia in Chinese
Han population. Behav. Brain Funct. 7:7. doi: 10.1186/1744-9081-7-7
Zahir, F. R., Baross, A., Delaney, A. D., Eydoux, P., Fernandes, N. D., Pugh, T.,
et al. (2008). A patient with vertebral, cognitive and behavioural abnormali-
ties and a de novo deletion of NRXN1alpha. J. Med. Genet. 45, 239–243. doi:
10.1136/jmg.2007.054437
Zhang, C., Atasoy, D., Arac, D., Yang, X., Fucillo, M. V., Robison, A. J., et al. (2010).
Neurexins physically and functionally interact with GABA(A) receptors.Neuron
66, 403–416. doi: 10.1016/j.neuron.2010.04.008
Zhang, W., Rohlmann, A., Sargsyan, V., Aramuni, G., Hammer, R. E., Sudhof,
T. C., et al. (2005). Extracellular domains of alpha-neurexins participate in
regulating synaptic transmission by selectively affecting N- and P/Q-type
Ca2+ channels. J. Neurosci. 25, 4330–4342. doi: 10.1523/JNEUROSCI.0497-
05.2005
Zinebi, F., Russell, R. T., McKernan, M., and Shinnick-Gallagher, P. (2001).
Comparison of paired-pulse facilitation of AMPA and NMDA synaptic currents
in the lateral amygdala. Synapse 42, 115–127. doi: 10.1002/syn.1107
Zucker, R. S., and Regehr, W. G. (2002). Short-term synaptic plasticity. Annu. Rev.
Physiol. 64, 355–405. doi: 10.1146/annurev.physiol.64.092501.114547
Zweier, C., De Jong, E. K., Zweier, M., Orrico, A., Ousager, L. B., Collins, A. L.,
et al. (2009). CNTNAP2 and NRXN1 are mutated in autosomal-recessive
Pitt-Hopkins-like mental retardation and determine the level of a com-
mon synaptic protein in Drosophila. Am. J. Hum. Genet. 85, 655–666. doi:
10.1016/j.ajhg.2009.10.004
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. Regarding the financial disclosure, the
authors confirm that David A. Collier and Hannah Grayton are full time employees
of Eli Lilly and Company Ltd. David A. Collier is also a stockholder of Eli Lilly
and Company, and a visiting professor at the Institute of Psychiatry. Eli Lilly and
company provided an unrestricted educational grant to contribute to the breeding
costs of the NRXN2α mice used in the present study. The present study does not
relate to any patents, intellectual property, products in development or marketed
products by Eli Lilly and Company. Cathy Fernandes has received an honorarium
from Eli Lilly and Company Ltd. as a seminar speaker. This does not alter the
authors’ adherence to all of Frontier’s policies on sharing data and materials.
Received: 26 November 2014; accepted: 03 February 2015; published online: 19
February 2015.
Citation: Born G, Grayton HM, Langhorst H, Dudanova I, Rohlmann A, Woodward
BW, Collier DA, Fernandes C and Missler M (2015) Genetic targeting of NRXN2 in
mice unveils role in excitatory cortical synapse function and social behaviors. Front.
Synaptic Neurosci. 7:3. doi: 10.3389/fnsyn.2015.00003
This article was submitted to the journal Frontiers in Synaptic Neuroscience.
Copyright © 2015 Born, Grayton, Langhorst, Dudanova, Rohlmann, Woodward,
Collier, Fernandes and Missler. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Synaptic Neuroscience www.frontiersin.org February 2015 | Volume 7 | Article 3 | 16
